vehicles (two-ton dump trucks). The sampling was done about one day after the engines had been stopped. A stainless-steel spatula washed with acetone was used for scraping up DEPs from the inner walls of the exhaust pipes. The samples were ground evenly in an agate pestle and stored in a freezer until measurements, so as to avoid the loss of organic matter.
Supercritical fluid extraction
An SFE apparatus developed by the authors was used in this study. 7 The extractor mainly consisted of a dual-plunger pump (CCPD, Tosoh, Japan) for liquid CO2 compression and an extraction cell placed in an oven (GC-8A, Shimadzu, Japan). The extraction cell was made of a stainless-steel tube (4.35 mm i.d. and 30 mm length).
The maximum pressure and temperature of supercritical CO2 in the cell were 40 MPa and 399˚C, respectively. A pressure restrictor made of a fused-silica capillary (30 µm i.d. and 60 cm length, GL-Science, Japan) was attached to the exit of the cell. Supercritical CO2 and extracted matter were decompressed while passing through the restrictor. The extracted organic matter was collected by inserting a restrictor tip into a 5 ml of toluene, while CO2 was gasified.
Two kinds of extractions were performed. One was two-step extraction consisting of the 1st step at 10 MPa and 40˚C for 15 min, and the 2nd step at 30 MPa and 120˚C for 30 min. The extracted organic matter was collected in each step. These toluene solutions were analyzed with GC/MS to investigate the extracts. The other extraction was performed only at the 1st step. After extraction, the particles were removed from the cell for a TOF-SIMS analysis.
GC/MS analysis
The collected solutions were concentrated to 1.0 ml, respectively, with a gentle flow of N2 gas, and then analyzed with a GC/MS (HP5890/5973). A capillary column (DB-5, 0.25 mm i.d., 0.25 µm film thickness, 25 m length) was employed in the GC. The temperature program of the GC-oven was as follows: 50˚C (held for 1 min) to 300˚C at a rate of 10˚C/min. The injector was maintained at 250˚C. The injection volume of the sample was 1.0 µl. The mass spectrometer was operated under the mass-scanning mode from m/z = 35 to 500.
Time-of-flight secondary ion mass spectrometry
A laboratory-build TOF-SIMS apparatus 8 was used in this study. This apparatus was equipped with a gallium focused ion beam (Ga-FIB, FI-1000, Eiko-Engineering, Japan) and a reflectron time-of-flight mass spectrometer (based on R. M. Jordan, USA). The Ga-FIB was pulsed for TOF-SIMS analysis with around a 50 ns pulse width and 5 kHz frequency. The pressure of the vacuum chamber during analysis was 10 -7 Pa order.
Diesel exhaust particles after the 1st step SFE were fixed onto an indium plate by pressing them with a glass plate. The sample stage was held at the ground potential, and a -1.5 kV potential was applied to the inner drift-tube of the TOF-MS. Secondary ions flown through the drift-tube were detected with a 40 mm microchannel plate (MCP, C726, R. M. Jordan, USA). The pulse signal from the MCP anode was amplified with a high-speed amplifier (VT-120A, Seiko-EG&G, Japan). Finally, the signal was acquired with a time-to-digital converter (TDC, Kore Technology, UK) at a time resolution of 8 ns. All of the TOF-SIMS spectra in this study were acquired for 602 s over a Ga FIB scanning area of 200 × 200 µm 2 and an incident angle of 60˚. Under this experimental condition, the primary Ga + ion dose in a measurement was 2 × 10 11 ions/cm 2 , which was safely under the static-limit.
Results and Discussion

Selective extraction of n-alkanes
In our previous study, it was clarified that n-alkanes are effectively extracted with supercritical CO2, even at lower pressure and temperature, whereas both high pressure and temperature are required for the efficient extraction of PAHs. 7 The extraction behavior of various types of organic matter with SFE has not been generalized so far. However, the solubility of organic matter in supercritical CO2 is one of the key factors. Experimentally determined solubilities of n-octadecane 9 and pyrene 10 are summarized in Table 1 . The solubilities of both compounds increased with the fluid pressure at any temperatures as commonly observed. However, the temperature dependence was different from each other. In case of noctadecane, its solubility decreased with rising the temperature at both pressures. On the other hand, the solubility of pyrene exhibited a rather small decrease at 11 MPa, compared with noctadecane, and showed a slight increase at 20 MPa. This difference makes the solubility ratio larger at low temperature (40˚C) at each of pressures. Therefore, it is expected that the lower temperature enhances the selectivity during extraction. As for the pressure effect on the selectivity, it seems to be less important, because the solubility ratios were the same at 11 MPa and 20 MPa. However, our preliminary experiment showed a slightly better selectivity at lower pressure. Therefore, the first step of the SFE was performed at a lower pressure (10 MPa). Figure 1 shows selected ion chromatograms of extracted organic matter in the first and second steps of SFE. In the first step (Fig. 1a) , strong peaks of n-alkanes (m/z = 57) were observed. As discussed above, at low pressure and temperature n-alkanes were selectively extracted. A chromatogram of the second step (Fig. 1b) at m/z = 57 confirmed that n-alkanes were already extracted in the first step. Contrarily, PAHs were detected only in the second step, except that a slight fraction of phenanthrene was also detected in the first step. Phenanthrene has a very high solubility comparative to n-alkanes, 11 because of its higher vapor pressure compared with other PAHs. As a result, the selectivity was rather weakened. This means that this selective extraction can be utilized safely and quantitatively for PAHs heavier than phenanthrene.
TOF-SIMS analysis of DEPs after selective removal of n-alkanes
Diesel exhaust particles sampled after the first step SFE were analyzed with TOF-SIMS. For a comparison, a DEPs sample without SFE was also analyzed under the same instrumental condition. 
, were rather less reduced compared with neighboring n-alkane fragments with low C/H ratios. Fragments with low C/H ratios are also produced from aromatic species. 8 Therefore fragments with low C/H ratios that are still found in Fig. 2b are also attributed to aromatic species. From this result, the removal of n-alkanes was also confirmed in TOF-SIMS.
The same spectra at a higher mass region is shown in Fig. 3 . Possible PAH structures were depicted at the corresponding mass peaks, while considering our GC/MS analysis of the extracted matter in the 2nd step SFE. To simplify the figure, only one candidate of the congeners at a certain m/z was depicted, although some other ones were also detected in the GC/MS analysis. The vertical axes were normalized with the intensity of naphthalene ions (m/z = 128). The ratio of the absolute intensities of naphthalene ion in Figs. 3a to b was about 2:1. This decrease in the absolute intensity can be attribute to interference of the removed aliphatic fragments. In the spectra of the particles without SFE (Figs. 3a and c) , many fragments blurred the parent ion peaks of PAHs. The origin of these fragments is less clear, but at least n-alkanes and other aliphatic hydrocarbons with high molecular weight are one of the possible sources. After the SFE treatment, the peaks of PAHs were clarified due to the decreased number of fragments, as shown in Figs. 3b and d . However, one may feel that these spectra are still complex. This is partially due to the presence of proton loss, or captured ions, in addition to intact PAH molecular ions. In the case of dibenz [a,h] The calculated spectrum is shown in Fig. 4 . The spectrum well-reproduces the outline of the measured spectrum. Only one exception was adopted to reproduce the m/z = 141 peak corresponding to [naphthalene + CH2] + . Other kinds of methylPAHs were not considered, because they had the same m/z value as [M-CH] + of other PAHs. From this calculation, it was clear that the spectrum (Figs. 3b and d) was dominated mainly by PAHs, which were the analytical targets. This led to the conclusion that the selective SFE is very effective for removing unwanted organic matter for the PAHs analysis of environmental samples using TOF-SIMS.
Conclusion
The unique function of SFE was utilized for sample preparation in the TOF-SIMS analysis. One-step SFE at a relatively low pressure and temperature successfully removed n-alkanes from diesel exhaust particles, while PAHs were retained. The obtained TOF-SIMS spectrum of the particles after clean-up showed a simple outline because of the removal of unwanted matter other than PAHs. A very simple calculation reproduced the outline though only major PAHs, and their fragments were taken into account. This sample-preparation technique will be practically useful for any kind of high molecular weight aromatic compounds with low vapor pressure mixed in aliphatic hydrocarbons or lipids, like in the case of PAHs in SPMs, soils, and biological tissues.
